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Introduction
The concept of incipient motion has been of continuing interest to researchers and engineers working with sediment movement in rivers. The fact that this seemingly simple concept still contains many mysteries is evident from the numerous publications that continue to appear in scientific journals to this day. There are several ways of identifying the point of 'incipience', of which the best-known use parameters such as flow velocity, bed shear stress, or stream power. Most of the published literature uses the bed shear stress approach as popularised through the work of Shields (1936) . A number of researchers, however, have preferred the use of the 'Movability Number' parameter introduced by Liu (1957) . This parameter can be derived from considerations of velocity, bed shear stress or stream power (Armitage, 2002) , and may thus provide a useful alternative to the better known Shields (1936) approach and its derivatives.
Key to the understanding of incipient motion is the definition of the rate of movement. Does the movement of a single grain on a riverbed constitute incipient motion of the bed? How about 1 grain per square metre of bed per second, and so forth? In other words, the incipient motion of a bed (as opposed to that of a grain) needs to be defined in terms of some 'Intensity of Motion'. This paper takes a new look at the use of the Movability Number for the prediction of Incipient Motion -which is here defined in terms of a defined Intensity of Motion. Using data from other researchers for Particle Reynolds numbers up to nearly 12 000, a relationship between Movability Number and Intensity of Motion was developed for flow with turbulent boundaries. This allowed for a firmer definition of Incipient Motion as well as a new bedload transportation equation. Additional laboratory experimentation for Particle Reynolds number over the range 0.12 -486 facilitated the prediction of Incipient Motion from a plot of the critical Movability Number vs. Particle Reynolds number for a wide range of boundary conditions from laminar to turbulent, which has extended the use of this approach.
Incipient Motion, intensity of motion and Movability Number
Incipient Motion, in the context of sediment transport in rivers, is that critical point at which sediment particles on the solid boundaries of the river flow (e.g. the bed or banks of a river) begin to move. From a theoretical point of view, if the fluid forces are below that required for the motion of a particle, there will not be any movement. If they are greater than that required for motion, there will be movement. The boundary between the two may be described as 'incipient' motion -i.e. the particle is about to move.
River beds are, however, comprised of millions of particles, each with a unique size, shape, electrical charge, density, packing and orientation, and subject to a unique instantaneous flow within the flow field. It is obvious that some particles are more easily moved than others; in other words, motion occurs with lower fluid forces than the average. On the other hand, the fluid forces also vary and an individual particle could be subjected to forces much higher than the average. Describing both the fluid forces required for incipient motion of individual particles, and the instantaneous fluid forces on any point of the boundary, in terms of probability density functions (e.g. Einstein, 1950; Grass, 1970; Van Rijn, 1993) , and plotting them on the same axes, the probability of movement, or 'pickup probability', is associated with the overlap of the 2 probability density functions (Fig. 1) .
Intensity of motion
Given the fact that neither probability density function has a clear cut-off value, there is always a statistical probability that a particle will move almost regardless of the flow conditions. At times, there appears to be little movement, whilst at other times there seems to be lots of movement. Given the stochastic nature of particle movement, it is probably more important to consider the rate at which particles are moved rather than talk of incipient motion. The motion might be of 1 or 2 particles only, several particles at a time, or involve general movement of the surface of the bed. Each level of movement is clearly associated with its own particular 'critical' conditions. This has been recognised by many researchers over the years, e.g. Kramer (1935) , who defined 3 intensities of motion ('weak', 'medium' and 'general' movement) ), the Intensity of Motion (or transport intensity), in terms of m, the number of particle displacements during the time interval t (s) and N, the total number of surface particles over the sample area, as:
(1) They then defined 'weak sediment transport' as I = 10 -4 s -1
(one of 10 000 surface particles is entrained every second), whilst 'general movement' was defined as I = 10 -2 s -1 (one of 100 surface particles is entrained every second). Clearly it would be possible to define other transport rates should this be required. Another strategy is that which was adopted by Shields (1936) , who attempted to find the critical shear stress for the initiation of movement by extrapolating a graph of observed sediment discharge versus shear stress to identify the value of apparent zero sediment discharge.
Movability Number
Some researchers have worked from the basis that the local flow velocity is the driving force behind sediment movement. One of the most prominent of these was Liu (1957) who came to the conclusion that the local velocity, and hence the various drag coefficients, were all functions of the Particle Reynolds number, Re * , defined as:
where:
) is the kinematic viscosity u * (m•s 
Figure 1
Pickup probability (Adapted from Grass, 1970 & Van Rijn, 1993 ) which he termed the 'Movability Number' and which will hereinafter be abbreviated to Mn. He came to the conclusion that for incipient motion there was a unique relationship between Mn and Re * , i.e. (4) The plot of the critical Mn value for incipient motion (Mn c ) vs. Re * has a similar shape to the better known plot of the critical Shields parameter θ c vs. Re * (the so-called 'Shields diagram'), with the advantage that sediment parameters such as diameter, shape factor and density -which help to make up θ c -are effectively replaced by the single parameter of settling velocity. As with the Shields diagram, the plot does not include the flow velocity, local or average. Unlike the Shields diagram, however, there is no 'dip' of the curve in the transition zone (see, for example, Raudkivi, 1998) -making the plot slightly easier to use.
The basic form of the Mn -Re * plot can be predicted from unit stream power considerations. Rooseboom (1975) and Rooseboom and Le Grange (2000) showed that Mn can be understood in terms of the ratio of the applied unit stream power along the bed to the unit stream power required to keep the particles in suspension. Theoretically, for laminar boundary conditions: (5) whilst for turbulent boundaries:
In these 2 equations, a 1 and a 2 are empirical constants that were determined by Rooseboom (1975) from the then available data to be approximately equal to 1.6 and 0.12 respectively. The value of Re * also determines whether the boundary layer will be laminar, transitional or turbulent.
Other researchers have also noted relationships between Mn c and the intensity of motion. Considering only turbulent boundaries, Table 1 suggests that motion appears to commence once Mn c exceeds about 0.12, saltation commences once Mn c exceeds about 0.5, and suspension commences once Mn c exceeds about 1.0.
Turbulent boundary flow
Measurements of sediment transport over turbulent boundaries, made by 8 different researchers, were used to establish the link between Mn and I. The data were those used by Shvidchenko and Pender (2000a; b) in their work on incipient motion on f lat beds (adopting the Shields, 1936 approach) and were kindly supplied to the principal author by the aforementioned researchers (Shvidchenko and Pender, 2001 ).
Data
The data included both experimental measurements made by Shvidchenko and Pender (2001) as well as data collected by them from other sources. Correction was made for the influence of the sidewalls of the flumes using the method adopted by Shvidchenko and Pender (2000a; b) . A summary of the data is presented in Table 2 .
In Table 2 , d (mm) is the median sand diameter, B f (mm) is the width of the flume, Y (mm) is the depth, and S 0 the bed slope. The sediment was gravel that could be considered reasonably uniform in each instance. R e* was high, averaging about 1 100 and never dropping below 36. The boundary flow conditions could thus be considered as completely turbulent over the entire data range. In all, there were 529 data points of which those obtained by Shvidchenko and Pender (2000a; b) made up 56% (297). 
Conversion to Movability Number
The shear stress at the bed, τ 0 , was determined from: (7) where:
) is gravitational acceleration R b (m) is the effective hydraulic radius operating on the bed after sidewall correction S 0 is the bed slope This was then converted to u * with the aid of Eq. (3). The Cheng (1997) equation (Eq. (8)) was used to estimate the settling velocity, v ss , of the sediment. (8) where:
d * is the dimensionless particle size given by Eq. (9): (9) where: g (m•s 
This equality allows any measured bedload transport rate to be expressed in terms of the intensity of sediment motion. In particular, it means that data collected by other researchers where the unit sediment transport rate had been measured could also be included in the data set for this exercise.
It should be noted that Eq. (15) is not dimensionally homogeneous (I has the units s -1 whilst q b * is dimensionless). The Intensity of Motion, I, can, however, be understood as the probability that a particle in a bed area of length equal to the average length of displacement of a grain after detachment and unit width will start moving in any given second (Shvidchenko and Pender, 2000a) .
Correction for relative roughness
At this point, an analysis of the complete data set showed that while there was a general relationship between I and Mn, there was also considerable scatter. In particular it was apparent that the Movability Number appeared to increase slightly with increasing bed-slope. Shvidchenko and Pender (2000a) had also noted that the critical bed shear stress (which is distantly related to Mn) appeared to increase with bed-slope. An increase in bed-slope (bearing in mind that a positive bed-slope is defined as a slope that falls in the direction of flow) should, however, lead to a decrease in the critical bed shear stress, and not vice versa. The reason for the discrepancy appeared to be the fact that all of the data come from experiments carried out in laboratory flumes. In consequence, the water depths in the various experiments all tend to decrease with increasing slope, giving rise to an increasing 'relative roughness' -sometimes to as much as d/Y = 0.5, where d is the median diameter of the particle and Y is the average depth. Correction had therefore to be made for relative roughness which was carried out as follows: i) The following whole-number intensities of motion were selected: I = 10 -2 , 10 
Movability Number vs. Intensity of Motion
A plot of the intercept values determined in iii) above vs. I gave the relationship between Mn and I for a flat bed with zero relative roughness (i.e. deep water). These values appeared to fall on a straight line with semi-logarithmic axes (Fig. 3) .
The equation of the line fitted to the data points (R 2 = 0.9893) is:
The data were then adjusted for slope and relative roughness as follows:
The results of this adjustment are compared with the theoretical relationship in Fig. 4 . It will be noted from Fig. 4 that there is still considerable scatter -particularly at the low intensities of motion where there were few data, and accurate data were probably difficult to obtain.
The final equation giving the relationship between Mn and I, taking into account the relative roughness, can now be written as follows:
(19)
New bedload transportation equation
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1.E-01 (1914 -1996) . They included 56 measurements suitable for use in an analysis of the link between Mn and I for laminar and transitional boundaries. This data set was augmented by 41 experimental measurements made in the hydraulics laboratory at the University of Cape Town (UCT) -which were also corrected for the influence of the sidewalls (Fig. 5) . The correction for the new experimental data was made using the so-called 'Einstein method ' (Einstein, 1942; Chien and Wan, 1999) , in conjunction with the Darcy-Weisbach equation, with the friction factor determined by the Barr (1975) approximation of the Colebrook-White equation (Colebrook and White, 1937; Colebrook, 1939) , and adjusted for rectangular channels.
The following selection criteria were applied to the data sets: • Only data involving the movement of natural quartzitic sand particles in water were used.
• The boundaries had to be laminar or transitional (loosely taken to be Re * < 75 although all except 4 values were under 30. (The higher values were useful to see how the transitional data linked with the turbulent data).
• The possible influence of sidewalls had to have been eliminated. This was achieved by a variety of methods. In some instances, the bed shear stress was determined from the velocity gradient. In other instances, correction factors were applied. • The relative roughness had to be less than 5% (d/Y < 0.05) to ensure that this influence had been largely eliminated.
• The sediment had to be uniform. In the context of this study, this meant where s gs is the so-called graphic sorting coefficient (Buffington and Montgomery, 1997).
• As far as possible, the data were from plane beds. In practice this is very difficult to achieve as fine sediment (d < 0.7 mm) tends to form ripples immediately on onset of movement.
• In all cases incipient motion was determined through visual observation of the movement of the first few grains.
The data are summarised in Table 3 . In all, 97 measurements satisfied the criteria. For the laminar and transitional boundaries u * was calculated from: (25) where:
S f is the friction slope
New incipient motion criteria
The . In an attempt to reduce the impact of relative roughness without resorting to the use of empirical equations, the data set was further reduced to include only those values for which d/Y < 0.05 (as for the laminar and transitional boundary data). This reduced the turbulent boundary data set to 35 values, taken from 5 investigators (Table 4) .
These data were added to those for laminar and transitional boundaries (Table 3) to give 132 values indicating the visual commencement ('weak') movement of natural uniform quartzitic sand on a flat bed with low relative roughness. The data were collected by 15 different researchers or groups of researchers, and covered the range of Re * from 0.12 to 486. They were then plotted on a graph of Mn vs. Re * (Fig. 6 ). For convenience, the turbulent boundary data for the 4 researchers, (2001), has been labelled 'Other turbulent boundary data' in Fig. 6 . As could be expected, the data may be roughly grouped into 3 categories, that measured on laminar boundaries (Re * < 5), that measured on transitional boundaries (5 < Re * < 75), and that measured on turbulent boundaries (Re * > 75). A line corresponding to Mn = 0.17 seemed to fit the turbulent boundary data quite well, i.e. α 2 = 0.17 in Eq. (6). In the case of the laminar boundary data, however, Mn appeared to vary with Re * -1.4 rather than Re * -1 as suggested by Eq. (5). The 2 new incipient motion equations (plotted in Figs. 6 and 7) marking the division between scour and deposition are thus:
(Turbulent boundaries)
The transitional boundary data seem to smoothly link these two equations. If these are ignored, the 2 curves join at Re * = 6.23. For comparison, the Rooseboom (1975) curves (Eqs.
(5) and (6)) are also plotted on Fig. 6 . It is not certain why the laminar boundary data do not behave as predicted by Eq. (5).
Perhaps it is because of increasing inter-particle cohesion with decreasing particle size. It must be emphasised that whilst Eqs. (26) and (27) summarise the data quite well, they only indicate the point at which there is noticeable movement of particles along the bed. Figure 7 is a plot of Mn vs. Re * , showing both the lines indicated by Eqs. (26) and (27) for incipient motion as defined, and, for turbulent boundaries only, the significance of different intensities of motion, I. There were insufficient data to determine I for laminar and transitional boundaries.
Conclusions
The subject of this paper was the determination of alternative criteria for incipient motion using the Movability Number, Mn, as defined by Liu (1957) . The main problem was that sediment motion could theoretically occur in any flow state. The solution to this was to define Incipient Motion in terms of a specified Intensity of Motion, I (Shvidchenko and Pender, 2000a; b) .
Data supplied by Shvidchenko and Pender (2001) for turbulent boundaries were processed into a new equation linking Mn with I, taking into account the bed-slope and relative roughness. This was readily transformed into a new bedload transportation equation.
Additional data gathered for flow with laminar and transitional boundaries were combined with the data for turbulent boundaries and used to develop new Incipient Motion criteria for a flat bed comprising uniform cohesionless quartzitic particles (Eqs. (26) and (27) The linking of Mn with I over a wide range of particle Reynolds numbers and the subsequent development of a new bedload transportation equation represent an original contribution to the debate on incipient motion. 
Figure 7
New criteria for the prediction of scour in terms of Mn and Re *
